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(54) Wavelength stabilized light source 



(57) A short wavelength light source mainly com- 
prises a semiconductor laser (30) for pumping a laser 
medium (61 ), a birefringence filter (40) for controlling or 
stabilizing the waveform by applying an optical feedback 
to the semiconductor laser (30) to feed back only light 
of specific wavelength, lens systems (33, 34) for focus- 
ing the pumping light (32), and an optical resonator (60) 
composed of a laser medium (61) formed of Nd:YAG 
doped with 1% of Nd and a nonlinear optical element 



(62) formed of KNb0 3 . The birefringence filter (40) is 
structured as a Lyot filter, and is composed of a birefrin- 
gence element (41) made of 2mm thick non-doped 
YV0 4 , a polarizer (42), and a birefringence element (43) 
made of 4 mm thick non-doped YV0 4 . 

This constitution realizes a short wavelength light 
source achieving a single longitudinal mode oscillation 
while maintaining a high output, small in size, superior 
in efficiency, and excellent in wavelength stability. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a wavelength sta- 
bilized light source comprising a semiconductor laser for 
excitation and an optical resonator including a solid 
state laser and a nonlinear optical element, preferably 
used in optical disk appliances, optical communications, 
and various measurements. 

2. Description of the Related Art 

Hitherto, a light source of short wavelength has 
been demanded for enhancement of density of record- 
ing and reproduction in the fields of optical disk, image 
processing and the like, and, for example, by using a 
semiconduclor laser as an excitation light source, short 
wavelength light such as green light and blue light is ob- 
tained by highly efficient wavelength conversion. For 
stable information recording and reproducing, it is de- 
manded that the output light intensity distribution has a 
Gaussian profile, output light can be condensed nearly 
up to the diffraction limit, and stable outputs are ob- 
tained. 

For example, in order to obtain a short wavelength 
light source for generating output light, for example, of 
several mW or more , a method of generating second 
harmonics or sum frequency waves by inputting the la- 
ser light from the semiconductor laser into a wavelength 
converting element, or an internal resonator type com- 
prising a semiconductor laser for excitation and optical 
resonator internally containing a laser active medium 
and a nonlinear optical element may be considered use- 
ful. In particular, when the semiconductor laser is used 
as a light source for exciting for a second harmonic gen- 
erator (SHG) laser of the internal resonator type, the sta- 
bilization of wavelength and output and the enhance- 
ment of efficiency of wavelength conversion are impor- 
tant. 

Fig. 25 is a schematic structural diagram showing 
a short wavelength light source of a conventional inter- 
nal resonator type. The light radiated from a semicon- 
ductor laser 1 is transformed into a parallel beam by a 
collirnating lens 2, and is condensed on a laser medium 
4 composed of Nd:YV0 4 and others by a condenser 
lens 3. On the incident side end face 4a of the laser me- 
dium 4, a coating is applied so as to be antireflective 
(AR) to output a wavelength of 809 nm of the semicon- 
ductor laser 1, and to have a high reflectivity (HR) to 
1064 nm oscillation wavelength of the laser medium 4. 
An output mirror 6 has an HR coating for 1064 nm os- 
cillation wavelength, and an optical resonator 7 to a fun- 
damental wave of 1064nm wavelength is composed of 
the output mirror 6 and the end face 4a of the laser me- 
dium 4. Inside the optical resonator 7, a nonlinear optical 
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crystal 5 such as KTP is disposed, and the second har- 
monic wave whose wavelength has been converted 
herein is radiated from the output mirror 6. 

Hitherto, as an excitation light source of such a SHG 

5 solid state laser, a semiconductor laser of multiple lon- 
gitudinal mode has been used. The semiconductor laser 
of multiple longitudinal mode is not only high in output, 
but also has a wide oscillation wavelength range for the 
width of absorption spectrum of a laser medium. Addi- 

10 tionally, by temperature changes of the semiconductor 
laser itself or phase changes of the return light, the peak 
position of the longitudinal mode changes in the course 
of time : and hence the light absorption quantity in the 
laser medium varies, which may be a cause to induce 

15 instability of oscillation wavelength or output of the laser 
medium. 

Fig. 26 is a graph showing the spectrum changes 
in the case of changing slightly the distance from the 
semiconductor laser to the return light generation posi- 

20 tion. The upper graph relates to before dislocation and 
the lower graph to after dislocation. As seen from the 
two graphs, many oscillation spectra are observed be- 
cause of oscillation in multiple mode, and the oscillation 
spectrum changes significantly when the return light 

25 generation position is slightly dislocated. Besides, when 
the distance changes by every XI2 (k is wavelength), the 
oscillation spectrum varies periodically. For example, 
when YAG crystal is used as the laser medium, the 
spectrum change is larger than 10 angstroms absorp- 

30 tion spectrum width of YAG, and as a result the output 
of the solid state laser fluctuates significantly. 

Recently, high output semiconductor lasers of sin- 
gle longitudinal mode have been advanced. The use of 
such semiconductor lasers as the excitation light source 

35 for a solid state laser has the advantage that the absorp- 
tion efficiency and conversion efficiency of solid state 
laser increases, because the oscillation spectral width 
of the semiconductor laser is extremely narrow as com- 
pared with the absorption spectrum width of the solid 

40 state laser. 

In Fig. 25, however, the AR coating applied on the 
end face 4a of the laser medium 4 such as Nd:YV0 4 or 
the like has a transmissivity of mere about T = 93% to 
the wavelength of the semiconductor laser 1 , and return 

45 light to the semiconductor laser 1 is caused, which may 
disturb the oscillation mode of the semiconductor laser 
1 . In particular, in the case where a semiconductor laser 
of single longitudinal mode is used for the semiconduc- 
tor laser 1 , if return light to the semiconductor laser 1 

so occurs, large mode hopping or multiplexing of longitudi- 
nal mode is caused, and larger output fluctuation is 
caused as compared with the case of using a semicon- 
ductor laser of multiple mode. 

As a countermeasure against such problems, for 

55 the purpose of stabilizing the wavelength of single lon- 
gitudinal mode semiconductor laser, a short wavelength 
SHG light source using a diffraction grating as an exter- 
nal mirror has been reported (Japanese Unexamined 
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Patent Publication JPA 6-75261(1994)). However, the 
output of the single longitudinal mode semiconductor la- 
ser is only about 100 mW at the present, it is insufficient 
for solid state laser excitation of high output. According- 
ly, by using a multiple mode broad area semiconductor 
laser if a multiple mode semiconductor laser is capable 
of being oscillated stably in a single longitudinal mode, 
high outputs and wavelength stability can be achieved 
even in the case where the multiple mode semiconduc- 
tor laser is used. 

Fig. 27 is a schematic structural diagram showing 
another example of a conventional short wavelength 
light source. The light radiated from a semiconductor la- 
ser 1 is transformed into a collimated beam by a colli- 
mating lens 2, passes through an isolator 8, and is con- 
densed through a condenser lens 3 into a nonlinear op- 
tical crystal 5 such as KTP, where the wavelength is con- 
verted and second harmonic waves are radiated. 

Usually a ant i reflect ion (AR) coating for a funda- 
mental wave is applied lo surfaces 5a, 5b of the nonlin- 
ear optical crystal 5, but mere 0.1% or less return light 
is caused, and mode jump occurs in the semiconductor 
laser 1. Measures against the return light may include: 

1) use of an isolator 8 for shutting off all but specified 
polarized light, 2) enhancement of performance of the 
AR coating on the incident end face of the nonlinear op- 
tical crystal 5, and 3) off-axial reflection by inclination of 
the nonlinear optical crystal 5. 

However, 1) since the isolator 8 is expensive and 
large-sized, downsizing of the whole light source is dif- 
ficult. Moreover, the isolator 8 is not practical because 
the drift of wavelength due to the temperature changes 
of the semiconductor laser 1 itself cannot be prevented. 

2) Enhancement of performance of AR coating is difficult 
in view of the present coating technology. 3) To use the 
isolator 8 and to obliquely dispose the nonlinear optical 
crystal 5 may be expected to be effective to some extent 
as a method for cutting the return light. However, when 
the current of the semiconductor laser 1 is modulated in 
pulses and is directly modulated, the oscillation wave- 
length is not stable and oscillation wavelength fluctua- 
tion is observed every pulse. Especially in the case of 
wavelength conversion, such oscillation wavelength 
fluctuation directly leads to SHG intensity noises. Ac- 
cordingly, in practical use, it is necessary to modulate at 
a high speed by using an external modulator, while con- 
tinuously oscillating the semiconductor laser and gen- 
erating CW (continuous wave) light, and which causes 
to increase the size and cost of the light source. 

In the optical communications field, the semicon- 
ductor laser is required to oscillate always stably in sin- 
gle wavelength.and single longitudinal mode regardless 
of ambient temperature changes. Additionally, for use in 
wavelength multiplex communications or the like, a var- 
iable wavelength laser capable of changing the oscilla- 
tion wavelength is demanded. 

Fig. 28A is a schematic structural diagram showing 
an example of a variable wavelength light source using 



an external resonator type semiconductor laser, and 
Fig. 28B is its partial perspective view. The light radiated 
from a semiconductor laser 1 is transformed into a col- 
limated beam by a collimating lens 2. and passes 

5 through a phase shifter 9 using liquid crystal, penetrates 
through a birefringence filter 10 composed of a birefrin- 
gence element such as LiNb0 3 and a polarized beam 
splitter, and is radiated from an output mirror 6 consti- 
tuting the external resonator. It has been reported that 

10 by adjusting the voltage applied to a liquid crystal 9 the 
wave length can be swept continuously with single mode 
oscillation (J. R. Andrews, Optics Letters, 16, 732, 
1991). 

From a viewpoint of output or wavelength stability 
15 it is realistic to use a high output semiconductor laser of 
longitudinal multiple mode as the semiconductor laser 
for solid state laser excitation, but the oscillation spec- 
trum changes significantly due to effects of return light, 
and thereby the excitation efficiency of the solid state 
20 laser is lowered or efficiency fluctuation occurs in the 
course of time. 

As for wavelength conversion devices using a LD, 
such as an single-pass SHG device, the wavelength sta- 
bility of the semiconductor laser is quite important for 
2S the stability of their output power. Since the wavelength 
torelance of the nonlinear crystal (typically 1 -3 A) is nar- 
rower than the longitudinal mode hopping range of LD 
(typically -10 A), the change of wavelength deteriorates 
the conversion efficiency of the nonlinear crystal critical- 

30 |y. 

As for LD pumped solid state laser, such as funda- 
mental laser, an intracavity-SHG, sum-frequency laser 
and difference-frequency laser the mode hopping of 
pumping LD changes the amount of absorption, which 

35 causes changes the fundamental circulating power, re- 
sulting in a fluctuation of fundamental or SHG or sum- 
or difference-frequency output power. 

Thus, the wavelength stabilization of LD is essential 
for the output stabilization of wavelength conversion de- 

40 vices. 

SUMMARY OF THE INVENTION 

It is hence a primary object of the invention to pro- 
45 vide a wavelength stabilized light source having a sem- 
iconductor laser of multiple longitudinal mode expanded 
more than the absorption spectrum of a solid state laser, 
which is capable of oscillating in single longitudinal 
mode while maintaining the high outputs, small in size, 
50 superior in efficiency, and excellent in wavelength sta- 
bility. 

The invention provides a wavelength stabilized light 
source comprising: 

55 a semiconductor laser for oscillating laser light, 

a wavelength selecting element having a band pass 
characteristic that the transmissivity of specified 
wavelength light is increased, 
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reflection means for applying optical feedback to 
the semiconductor laser through the wavelength 
selecting element, and 

a wavelength converting element for converting the 
wavelength of the laser light sequentially passing 
through the wavelength selecting element and the 
reflection means from the semiconductor laser, 
wherein the oscillation wavelength of the semicon- 
ductor laser is stabilized within a wavelength allow- 
ance of the wavelength converting element. 

According to the invention, by applying optical feed- 
back to the semiconductor laser through the wavelength 
selecting element, the semiconductor laser oscillates at 
a specific wavelength specified by the wavelength se- 
lecting element, and consequently a laser light of single 
longitudinal mode is obtained. Therefore, by stabilizing 
the oscillation wavelength of the semiconductor laser 
within the wavelength allowance of the wavelength con- 
verting element, the output light of second harmonic 
wave or sum- or difference-frequency is stabilized. Inci- 
dentally the reflection means stated above and below 
includes total reflection means which reflects 100 % of 
incident light and partial reflection means which partially 
reflects 0 % to 100 % of incident light. 

The invention also provides a wavelength stabilized 
light source comprising: 

a semiconductor laser for oscillating excitation light, 
a wavelength selecting element having a band pass 
characteristic that the transmissivity of specified 
wavelength light is increased, 
reflection means for applying optical feedback to 
the semiconductor laser through the wavelength 
selecting element, and 

an optical resonator containing a laser medium to 
be excited by excitation light and a nonlinear optical 
element for wavelength conversion, 
wherein the oscillation wavelength of the semicon- 
ductor laser is stabilized within the absorption spec- 
trum of the laser medium. 

According to the invention, by applying an optical 
feedback to the semiconductor laser through the wave- 
length selecting element, the semiconductor laser oscil- 
lates at a specific wavelength specified by the wave- 
length selecting element, and hence a laser light of sin- 
gle longitudinal mode is obtained. Therefore, by stabi- 
lizing the oscillation wavelength of the semiconductor 
laser within the absorption spectrum of the laser medi- 
um, the laser oscillation by the laser medium is stabi- 
lized, and the light of the short wavelength generated 
from the nonlinear optical element is also stabilized. 

The invention also provides a wavelength stabilized 
light source comprising: 

a first semiconductor laser for oscillating excitation 
light, 



a second semiconductor laser for oscillating mixing 
light, 

a wavelength selecting element having a band pass 
characteristic that the transmissivity of specified 

5 wavelength light is increased, 

an optical resonator containing a laser medium to 
be excited by excitation light and a nonlinear optical 
element for wavelength conversion, and 
reflection means for applying optical feedback to 

10 the first and second semiconductor lasers through 
the wavelength selecting element. 

According to the invention, by applying optical feed- 
back to the first and second semiconductor lasers 

is through the wavelength selecting element, the first and 
second semiconductor lasers oscillate at a specific 
wavelength specified by the wavelength selecting ele- 
ment, and hence two single longitudinal mode laser 
lights differing in wavelength are obtained. Therefore, 

20 as the oscillation wavelengths of the first and second 
semiconductor lasers are stabilized, the nonlinear light 
such as sum frequency light generated from the nonlin- 
ear optical element is also stabilized. 

The invention also provides a wavelength stabilized 

25 light source comprising: 

a semiconductor laser for oscillating excitation light; 
a laser medium for emitting fundamental wave laser 
light after being excited by light of a predetermined 
30 wavelength within the range of wavelength of the 
excitation light; 

an optical resonator including the laser medium; 
a wavelength selecting element composed of polar- 
ization means and a birefringence element, the 

35 wavelength selecting element giving priority of 
transmission to the light of the predetermined wave- 
length of the excitation light; and 
reflection means for applying optical feedback to 
the semiconductor laser through the wavelength 

40 selecting element. 

According to the invention, excitation light of single 
longitudinal mode can be obtained because the semi- 
conductor laser oscillates at a specified wavelength 

45 specified by the wavelength selecting element by apply- 
ing optical feedback to the semiconductor laser through 
the wavelength selecting element. Consequently the 
wavelength of the fundamental wave laser light gener- 
ated in the laser medium is stabilized. 

50 The invention provides a wavelength stabilized light 
source comprising: 

a semiconductor laser for oscillating laser light, 
a nonlinear optical element for wavelength trans- 
55 conversion of a laser light of a predetermined wave- 
length within the wavelength range of the laser light 
and emitting short wavelength laser light; 
a wavelength selecting element composed of polar- 



BNSDOCID: <EP 0712163A2J_> 



4 



7 EP 0 712 183 A2 8 



ization means and a birefringence element, the 
wavelength selecting element giving priority of 
transmission of the light of the predetermined wave- 
length of the laser light; and 

reflection means for applying optical feedback to s 
the semiconductor laser through the wavelength 
selecting element. 

According to the invention, laser light of single lon- 
gitudinal mode can be obtained because the semicon- 10 
ductor laser oscillates at a specified wavelength speci- 
fied by the wavelength selecting element by applying 
optical feedback to the semiconductor laser through the 
wavelength selecting element. Consequently the wave- 
length of the short wavelength laser light generated in is 
the nonlinear optical element is stabilized. 

The invention provides a wavelength stabilized light 
source comprising: 

a semiconductor laser for oscillating excitation light; 20 
a laser medium for emitting fundamental wave laser 
light by being excited by light of a predetermined 
wavelength within the range of wavelength of the 
excitation light; 

a nonlinear optical element for converting the wave- 2s 
length of the fundamental wave laser light and emit- 
ting short wavelength laser light; 
an optical resonator including the laser medium and 
the nonlinear optical element; 

a wavelength selecting element composed of polar- 30 
ization means and a birefringence element, the 
wavelength selecting element giving priority of 
transmission to the light of the predetermined wave- 
length of the excitation light; and 

reflection means for applying optical feedback to 3S 
the semiconductor laser through the wavelength 
selecting element. 

According to the invention, excitation light of single 
longitudinal mode can be obtained because the semi- *o 
conductor laser oscillates at a specified wavelength 
specified by the wavelength selecting element by apply- 
ing optical feedback to the semiconductor laser through 
the wavelength selecting element. Further, the wave- 
length of the short wavelength laser light generated in «5 
the nonlinear optical element as well as that of the fun- 
damental wave laser light generated in the laser medi- 
um is stabilized. 

The invention also provides a wavelength stabilized 
light source comprising: so 

a first semiconductor laser for oscillating excitation 
light; 

a second semiconductor laser for oscillating mixing 
light; ss 
a laser medium for emitting fundamental wave laser 
light by being excited by light of a predetermined 
wavelength within the range of wavelength of the 



excitation light; 

a nonlinear optical element for emitting laser light 
of a certain wavelength by mixing the fundamental 
wave laser light and the mixing light;' 
an optical resonator including the laser medium and 
the nonlinear optical element; 
a wavelength selecting element composed of polar- 
ization means and a birefringence element, the 
wavelength selecting element giving priority of 
transmission to the light of the predetermined wave- 
length of the excitation light; and 
reflection means for applying optical feedback to 
the first semiconductor laser through the wave- 
length selecting element. 

According to the invention, excitation light of single 
longitudinal mode can be obtained because the first 
semiconductor laser oscillates at a specified wave- 
length specified by the wavelength selecting element by 
applying optical feedback to the first semiconductor la- 
ser through the wavelength selecting element. Further, 
the wavelength of the fundamental wave laser light gen- 
erated in the laser medium excited by the first semicon- 
ductor laser. Consequently non-linear laser light such 
as sum frequency light and difference frequency light 
generated in the nonlinear optical element is also stabi- 
lized. 

The invention also provides a wavelength stabilized 
light source comprising: 

a first semiconductor laser for oscillating excitation 
light; 

a second semiconductor laser for oscillating mixing 
light; 

a laser medium for emitting fundamental wave laser 
light by being excited by light of a predetermined 
wavelength within the range of wavelength of the 
excitation light; 

a nonlinear optical element for emitting laser light 
of a certain wavelength by mixing the fundamental 
wave laser light and the mixing light; 
an optical resonator including the laser medium and 
the nonlinear optical element; 
a wavelength selecting element composed of polar- 
ization means and a birefringence element, the 
wavelength selecting element giving priority of 
transmission to the light of the predetermined wave- 
length of the excitation light; and 
reflection means for applying optical feedback to 
the second semiconductor laser through the wave- 
length selecting element. 

According to the invention, mixing light of single lon- 
gitudinal mode can be obtained because the second 
semiconductor laser oscillates at a specified wave- 
length specified by the wavelength selecting element by 
applying optical feedback to the second semiconductor 
laser through the wavelength selecting element. Con- 
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sequently non-linear laser light such as sum frequency 
light and difference frequency light generated in the non- 
linear optical element is also stabilized. 

It is preferable in the invention that an end face of 
the first semiconductor laser from which the excitation s 
light outgoes is butt-coupled with an end face of laser 
medium into which the excitation light incidents. Such 
construction of butt-coupling the end face from which 
the excitation light of the first semiconductor laser out- 
goes with the end face of the laser medium into which 10 
the excitation light incidents makes the distance be- 
tween both end faces extremely small. For instance, in 
the case where a lens for condensing the excitation light 
of the semiconductor laser into the laser medium is in- 
serted between both end surfaces, the distance be- »5 
tween both end faces is about 10cm, while being 100 
urn or less in the case of such butt -coupling. The smaller 
the distance is, the smaller the distance change due to 
the thermal expansion caused by the temperature 
changes of a table supporting the semiconductor laser 20 
and laser medium is. As a result phase changes at the 
time when a part of the laser light radiated from the sem- 
iconductor laser is reflected on a surface of the laser 
medium and returns to the semiconductor laser are neg- 
ligible even in the case where the environment temper- 2s 
ature has changed. Accordingly the stability of oscilla- 
tion wavelength is increased to make the intensity 
changes of the fundamental wave laser in the resonator 
very small. Since the sum frequency laser output is pro- 
portional to the product of the fundamental wave inten- 30 
sity in the resonator and the mixing light intensity, the 
stability of the sum frequency laser output is improved 
owing to stabilization of the fundamental wave laser in- 
tensity in the resonator. 

Additionally, since the temperature changes caused 35 
by fundamental wave absorption of a nonlinear optical 
material remain at a constant value and are stable, the 
optical length (= length * refractive index) changes 
caused by thermal expansion and refractive index 
changes also becomes small. Consequently, the optical 40 
length changes of the optical path that mixing light radi- 
ated from the semiconductor laser which oscillates the 
mixing light passes through the nonlinear optical mate- 
rial, reflects on a certain face, and returns to the semi- 
conductor laser for oscillating mixing light is relatively «s 
small and the stability of the oscillation wavelength of 
the semiconductor laser for oscillating mixing light is en- 
hanced, resulting in that the sum frequency laser output 
is further stabilized in cooperation with the stability of 
the above-mentioned fundamental wave laser light. 50 

Additionally the butt-coupling of the semiconductor 
laser for oscillating excitation light with the laser medium 
realizes size reduction of the light source. 

The invention also provides a wavelength stabilized 
light source comprising: 55 

a first semiconductor laser for oscillating excitation 
light; 



a second semiconductor laser for oscillating mixing 
light; 

a laser medium for emitting fundamental wave laser 
light by being excited by light of a first predeter- 
mined wavelength within the range of wavelength 
of the excitation light; 

a nonlinear optical element for emitting laser light 
of a certain wavelength by mixing light of a second 
predetermined wavelength within the range of 
wavelength of the mixing light and the fundamental 
wave laser light; 

an optical resonator including the laser medium and 
the non-linear optical element; 
a first wavelength selecting element composed of 
polarization means and a birefringence element, 
the first wavelength selecting element giving priority 
of transmission to the light of the first predetermined 
wavelength of the excitation light; 
first reflection means for applying optical feedback 
to the first semiconductor laser through the first 
wavelength selecting element; 
a second wavelength selecting element composed 
of polarization means and a birefringence element, 
the second wavelength selecting element giving pri- 
ority of transmission to the light of the second pre- 
determined wavelength of the excitation light; and 
second reflection means for applying optical feed- 
back to the second semiconductor laser through the 
second wavelength selecting element. 

According to the invention, excitation light of single 
longitudinal mode and mixing light of single longitudinal 
mode can be obtained because the first and second 
semiconductor lasers oscillate at respective specified 
wavelengths specified by the first and second wave- 
length selecting elements by applying optical feedback 
to the f irst and second semiconductor lasers through the 
first and second wavelength selecting elements. Fur- 
ther, the wavelength of the fundamental wave laser light 
generated in the laser medium excited by the first sem- 
iconductor laser. Consequently non-linear laser light 
such as sum frequency light and difference frequency 
light generated in the nonlinear optical element trans- 
forming element is also stabilized. 

It is preferable in the invention that the polarization 
means is included in the semiconductor laser to which 
the optical feedback is applied. Thereby total size and 
weight reduction of the apparatus can be realized. 

It is preferable in the invention that the semiconduc- 
tor laser to which the optical feedback is applied has a 
quantum well structure. 

In other words, it makes TM (transverse-magnetic) 
mode oscillation difficult that there is little.gain of polar- 
ization component (TM mode) in the vertical direction of 
the active layer in the semiconductor laser having a 
quantum well. As a result, only occurrence of TE (trans- 
verse-electric) mode oscillation dominates and there- 
fore the semiconductor laser functions equivalents to a 
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polarizer in the TE mode direction. 

It is preferable in the invention that the wavelength 
selecting element is a birefringence filter of Lyot contain- 
ing a birefringence element and a polarizer. 

Namely, the wavelength selecting element is a bi- 
refringence filter of Lyot containing a birefringence ele- 
ment and a polarizer, and thereby a filter having a steep 
band pass characteristic can be easily obtained. Addi- 
tionally, since the partial reflection means is a surface 
reflective coating, which is formed on the surface of op- 
tical element, an extra device such as a partial reflection 
mirror is not needed. 

It is preferable in the invention that the wavelength 
selecting element is a birefringence filter whose birefrin- 
gence element is inclined to the optical axis by a Brews- 
tar angle. 

Also, by using a birefringence filter composed plural 
birefringence elements differing in thickness inclined to 
the optical axis by Brewster angle as the wavelength se- 
lecting element, a filter having a steep bandpass char- 
acteristic can be easily obtained and wavelength tuning 
is facilitated. Additionally since the partial reflection, 
means is a surface reflective coating, which is formed 
on the surface of the optical element, an extra device 
such as a partial reflection mirror is not needed. 

It is preferable in the invention that the birefringence 
element used in the wavelength selecting element is a 
liquid crystal. 

Namely, by using a liquid crystal as the birefrin- 
gence element included in the wavelength selecting el- 
ement, control of birefringence rate by an applied volt- 
age is simplified as well as wavelength tuning is facili- 
tated. 

. It is preferable in the invention that the birefringence 
element used in the wavelength selecting element is a 
crystal composed of non -doped YV0 4 or KNb0 3 . 

Namely by using a crystal composed of non-doped 
YV0 4 or KNb0 3 as the birefringence element included 
in the wavelength selecting element, a filter character- 
istic of high performance is obtained. 

It is preferable in the invention that the laser medium 
has a birefringent property, and is used as birefringence 
element of the wavelength selecting element. 

Namely, by using a laser medium having a birefrin- 
gent property to use as a birefringence element of wave- 
length selecting element, the optical element can be 
shared as well as size reduction can be totally reduced. 

It is preferable in the invention that the nonlinear op- 
tical element has a birefringent property and is used as 
a birefringence element of the wavelength selecting el- 
ement. 

Namely, by using a nonlinearoptical element having 
a birefringent property to use as birefringence element 
of wavelength selecting element, the optical element 
can be shared as well as the entire size can be reduced. 

The invention provides a wavelength stabilized light 
source comprising: 



a semiconductor laser for oscillating fundamental 
• light; 

a wavelength selecting element having a band pass 
characteristic that the transmissivity of specified 
s wavelength light is increased; 

a nonlinear optical element for generating harmonic 
waves by converting the wavelength of a fundamen- 
tal wave having passed through the wavelength 
selecting element; and 

fundamental wave reflection means for reflecting 
the fundamental wave passed through the nonlin- 
ear optical element and applying optical feedback 
to the semiconductor laser through the wavelength 
selecting element; and 

harmonic wave reflection means for superposing 
the harmonic waves generated by the nonlinear 
optical element in one direction. 

Also according to the invention, by applying optical 
feedback to the semiconductor laser through the wave- 
length, selecting element the semiconductor laser os- 
cillates at a specific wavelength specified by the wave- 
length selecting element, so that laser light of single lon- 
gitudinal mode is obtained. Moreover, by superposing 
the harmonic waves generated by the nonlinear optical 
element in one direction, the optical intensity of the har- 
monic waves is additionally increased, so that the con- 
version efficiency of the harmonic waves can be en- 
hanced. 

The principle of the invention will be described be- 
low. Fig. 1 is a perspective view showing an example of 
a birefringence filter of Lyot. This birefringence filter is 
composed by disposing a birefringence element 22 be- 
tween two polarizers 21 and 23, and the axes of polar- 
ization 21 a, 23a of the polarizers 21 , 23 are set vertically 
above the optical axis, and the direction of the principal 
axis 22a of the birefringence element 22 is inclined in a 
direction of an angle of 45° to the axes of polarization 
21 a, 23a, which is known as a birefringence filter of Lyot 
(Lyot and Oman). 

Referring to refractive indices of the birefringence 
element 22 to ordinary light and extraordinary light as 
no and ne, respectively, wavelength as X, and thickness 
of birefringence element 22 as d, the phase difference 
r of ordinary light to extraordinary light is 

r = (2tc/X) • (ne-no) . d 
and the transmissivity T of the entire filter is 

T = (1/2)-cos 2 (r/2) 
Fig. 2 is a perspective view showing another exam- 
ple of birefringence filter of Lyot according to the inven- 
tion. In this birefringence filter, in order to narrow the 
band of filter characteristic, N pieces of birefringence el- 
ements 22 having a thickness sequentially doubled 
such as d, 2d : 46, 8d and so forth are disposed, and are 
arranged in N stages in series across a polarizer 21 . At 
this time, the overall transmissivity is expressed as 
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T=icos 2 (J)cos 2 (2r )C os 2 (4j)^cos 2 (2 N - i r) 

Fig. 3 is a perspective view showing a practical ex- 
ample of a birefringence filter of Lyot. This birefringence 
filter is composed by disposing a polarizer 24 such as 
polarizing beam splitter between two birefringence ele- 
ments 22 having a thickness dl of 1 mm and a thickness 
d2 of 2 mm, made of non-doped VY0 4 crystal, and the 
laser light radiated from a semiconductor laser 20 pass- 
es through the birefringence filter, and is reflected by an 
external mirror 25, passes again through the birefrin- 
gence filter, and is fed back to the semiconductor laser 
20 as TE mode, and in this way optical feedback is ap- 
plied. The refractive indices of the YV0 4 crystal to ordi- 
nary light and extraordinary light at an oscillation wave- 
length of 810 nm of the semiconductor laser 20 are no 
= 1 .985 and ne = 2.202, respectively. 

Fig. 4 is a graph showing the wavelength depend- 
ency of quantity of light being fed back to the semicon- 
ductor laser 20. The solid line indicates the two-way 
transmissivily of the birefringence filter, and the broken 
line denotes the gain curve of the semiconductor laser 
20. As known from Fig. 4, at wavelengths of 808.6 nm 
and 814.2 nm, a steep band pass characteristic with a 
transmissivity of about 1 is presented. Therefore, con- 
sidering together with the gain curve of the semiconduc- 
tor laser 20, a single mode oscillation at wavelength 
808.6 nm is expected. 

When a semiconductor laser is used in a high output 
status by increasing an injection current into the semi- 
conductor laser, oscillation may occur even in plural 
wavelengths at intervals of a wavelength depending on 
the bandpass cycle of the birefringence filter in other po- 
sitions in addition to the gain center due to increase of 
gain. In this case, it is necessary to lengthen the band- 
pass cycle of the birefringence filter and set so that only 
one peak of the bandpass occurs within the gain width. 

Figs. 4A and 4B show the difference of bandpass 
characteristics in two cases, one case in which a Imm 
thick non-doped YV0 4 plate and a 2mm thick non- 
doped YV0 4 plate are combinated, another case in 
which a 0.5mm thick non-doped YV0 4 plate and a 1 mm 
thick non-doped YV0 4 plate are combinated. When the 
semiconductor laser is driven in a considerably higher 
current than an oscillation threshold, it is possible that 
in the combination of the Imm thick plate and the 2mm 
thick plate (Fig. 4A), oscillation occurs at wavelengths 
such as peaks P1 and P3 in addition to the gain center 
peak P2. As shown in Fig. 4B, when the thicknesses of 
the plates are made thinner (e.g., 0.5mm and 1.0mm, 
respectively), the bandpass cycle is lengthened, which 
makes oscillation at only the gain center peak P2 pos- 
sible. 

Fig. 5 and Fig. 6 are graphs explaining the wave- 
length stabilizing mechanism of a semiconductor laser 
with optical feedback. First in Fig. 5, in an ordinary sem- 
iconductor laser the wavelength dependence of optical, 
loss is small, and it is regarded to be an almost constant 



value. By increasing the injection current into the semi- 
conductor laser, the carrier and the gain increase, and 
laser oscillation starts in a wavelength region in which 
the gain curve surpasses the loss curve. In this wave- 
5 length region, plural oscillation lines may be established 
at every longitudinal mode interval determined by the 
resonator length. 

In Fig. 6, when only the light in a specific wavelength 
region is selectively fed back through the birefringence 
10 filter, it is the same as when the reflectivity of the reso- 
nator mirror is increased at just a specific wavelength, 
so that the loss relating to the specific wavelength de- 
creases abruptly. Therefore, only at a specific wave- 
length, the gain curve surpasses the loss curve, so that 
is single mode oscillation or multiple mode oscillation of 
several oscillation lines may be realized. 

To realize such filter characteristic actually, the fol- 
lowing two points are important. It is first important to 
match the peak positions of filter characteristic at each 
stage. For this purpose, referring to the thickness of the 
birefringence element of the first stage as d, the thick- 
ness of the birefringence element of the second stage 
must be adjusted precisely to 2d in the wavelength or- 
der. 

Fig. 7 is a graph showing the effects of thickness 
error of each birefringence element 22. In this graph, 
supposing to use non-doped YV0 4 as the birefringence 
element 22 in Fig. 3, the solid line shows the filter char- 
acteristic at ideal thickness with the first element thick- 
ness of 1 .0 mm and second element thickness of 2.0 
mm, and the single dot chain line refers to a filter char- 
acteristic of 1 u.m thicker than the ideal thickness. The 
broken line denotes the gain curve of the semiconductor 
laser. As known from the graph, if the thickness of the 
second element is deviated by about 1 jam from 2d, the 
filtering characteristic deteriorates significantly. This is 
because, the peak wavelength of the first stage filter 
curve and the peak position of the second stage are de- 
viated. Therefore, to realize an ideal filter characteristic, 
it is necessary to process the thickness of the birefrin- 
gence element 22 with high precision. Actually, howev- 
er, polishing with such high precision is difficult, and 
some kind of tuning mechanism is needed. 

As such a tuning mechanism, an angle tuning meth- 
od of varying the incident angle by inclining the birefrin- 
gence element 22, and a temperature turning method 
of varying the temperature of the birefringence element 
22 are known. 

Now, setting up coordinates as shown in Fig. 8, 
placing the optical axis on the z-axis (= a-axis), and re- 
ferring to the incident angle of light on x-y plane as 6, 
and the angle from the x-axis (fast-axis) along the direc- 
tion of polarization to be <{>, the phase difference is ex- 
pressed as follows. 

r= 2^ (nMO)(1 j!n!e (1-aco8 2 

* 2-no 2 
Fig. 9 is a graph showing the result of calculation of 
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first stage filter characteristic when the birefringence el- 
ement 22 of thickness of 2 mm composed of YV0 4 crys- 
tal is inclined about the a-axis. In Fig. 9, almost one cycle 
can be shifted by inclining by 5° from the vertical 
incidence , angle of 0 = 0° , and it is found to be sufficient 5 
practically. 

When the light propagation axis coincides with the 
principal axis (in the case of vertical incidence 6 = 0° ), 
if rotated about the z-axis, the peak waveform of the filter 
transmission curve is not shifted. -However, when en- 10 
tering by slightly inclining the crystal (6 * 0° ), the peak 
wavelength can be shifted by rotating the crystal about 
the z-axis. 

A second important point is the resolution when fil- 
tering in a narrow wavelength range, and to keep a high *5 
resolution, the incident beam must be formed into par- 
allel beam. As understood from Fig. 9, to keep the res- 
olution of 1 angstrom, the expanse of the incident angle 
must be kept within about 1°. 

As such birefringence filter not sensitive to incident 20 
angle variance, a configuration as shown in Fig. 10B is 
also known ("Optical Wave in Layered Media," P. Yeh 
Jhon & Willey 19S8). In Fig. 10 A, a birefringence ele- 
ment 22 element is interposed between two polarizers 
21, which is same as the constitution in Fig. 1. In Fig. '25 
10B, instead of one birefringence element 22 of crystal 
thickness of d, two birefringence elements 22a, 22b 
composed of crystal of thickness d/2 are used, and the 
axes of small principal refractive index (fast-axes) of the 
birefringence elements 22a, 22b are disposed orthogo- 30 
nally". and a X/2 plate (half-wavelength plate) 26 is dis- 
posed between the two birefringence elements 22a, 
22b, and in principle it is intended to cancel the angle 
variance by separating one birefringence element 22 
into two and exchanging the polarization. 35 

In this constitution, the relation between the wave- 
length resolution A^ 1/2 and beam divergence angle 6 is 
expressed as follows. 

e=±no ' -tst\ 

Herein, supposing X = 8100 angstroms, A\ V2 = 0.5 
angstrom, no = 1 .985, and ne = 2.202, we obtain 0 = 4° , 
and a high resolution is realized at a relatively wide di- 
vergence angle. 

Fig. 1 1 is a structural diagram showing an other ex- 45 
ample of birefringence filter. As the basic constitution of 
Lyot filter, the polarizer and birefringence element are 
needed, but, as shown in Fig. 11, the polarizer may be 
omitted by using the birefringence element at an incli- 
nation of Brewster angle. 50 

Generally, referring to the material refractive index 
as n and incident angle as 6 i, of the light entering at an 
incident angle of tan Gi = n, the polarized component (S 
polarized light) in the vertical direction (vertical to the 
sheet of paper) in the incident plane is reflected partly, 55 
but the polarized component (P polarized light) parallel 
in the incident plane is not reflected but is transmitted 
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entirely. This angle is called Brewster angle. By using 
near this angle, it is possible to separate by polarization 
by making use of the difference in transmissivity of P 
polarized light and S polarized light, so that the polarizer 
may be omitted. 

Fig. 12 is a graph showing the relation between in-' 
cident angle to the birefringence element 22 and trans- 
missivity. In this graph, using non-doped YV0 4 as bire- 
fringence element 22, considering the angle depend- 
ence of the refractive index, the incident angle depend- 
ence of transmissivity per surface of P polarized light 
and S polarized light is calculated. Near the incident an- 
gle of 66° , as shown in the graph, the transmissivity of 
P polarized light is maximum (100%), and the transmis- 
sivity of S polarized light at this time is about 50%. 

In the configuration of two birefringence elements 
22 disposed at Brewster angle as shown in Fig. 11 , the 
light passes eight times the surfaces inclined at Brews- 
ter angle in forward and backward paths from the sem- 
iconductor laser through the birefringence filter to the 
semiconductor laser. Therefore, the transmissivity of the 
P polarized light and S polarized light is respectively 
0.3% and 100%, the values are sufficient for practical 
use. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other and further objects, features, and advantages 
of the invention will be more explicit from the following 
detailed description taken with reference to the draw- 
ings wherein: 

Fig. 1 is a perspective view showing an example of 
Lyot birefringence filter of the invention; 
Fig. 2 is a perspective view showing another exam- 
ple of Lyot birefringence filter of the invention; 
Fig. 3 is a perspective view showing a practical 
example of Lyot birefringence filter; 
Figs. 4, 4A and 4B are graphs showing wavelength 
dependence of quantity of light feeding back to a 
semiconductor laser 20; 

Fig. 5 is a graph explaining a wavelength stabilizing 
mechanism of semiconductor laser with optical 
feedback; 

Fig.6 is a graph explaining a wavelength stabilizing 
mechanism of semiconductor laser with optical 
feedback; 

Fig. 7 is a graph showing effects of thickness errors 
of birefringence elements 22; 
Fig. 8 is a diagram showing a system of coordi- 
nates; 

Fig. 9 is a graph showing calculation results of one- 
stage filter characteristics when a birefringence ele- 
ment 22a having a thickness of 2 mm composed of 
YV0 4 crystal is inclined about a-axis; 
Fig. 1 0A is a view showing a configuration wherein 
the birefringence element 22 is interposed between 
two polarizers 21 ; 
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Fig. 1 0B is a view showing a configuration wherein 
placing a XJ2 plate 25 between two birefringence 
elements 22a, 22b composed of crystal having a 
thickness of d/2; 

Fig. 11 is a structural diagram showing another s 

example of a birefringence filter; 

Fig. 12 is a graph showing the relation of incident 

angle to the birefringence element 22 and transmis- 

sivity; 

Fig. 13 is a structural diagram showing a first 10 
embodiment of the invention; 
Fig. 1 4 shows two graphs showing oscillation spec- 
trum of semiconductor laser 30, with optical feed- 
back applied in the upper graph, and without optical 
feed back in the lower graph; is 
Figs. 1 5A and 1 5B show two graphs showing output 
fluctuations of a short wavelength light source, Fig. 
15A is a graph in the case where optical feedback 
is applied to a semiconductor laser 30, and Fig. 1 5B 
is a graph in the case where optical feedback is not 20 
applied; 

Fig. 16 is a structural diagram showing a second 
embodiment of the invention; 

Fig. 17 is a structural diagram showing a third 
embodiment of the invention; 25 
Fig. 18 is a structural diagram showing a fourth 
embodiment of the invention; 
Fig. 19 is a structural diagram showing a fifth 
embodiment of the invention; 

Fig. 20 is a structural diagram showing a sixth 30 
embodiment of the invention; 
Fig. 21 is a structural diagram showing a seventh 
embodiment of the invention; 
Figs. 22A and 22B are graphs showing oscillation 
spectrum of semiconductor laser; 35 
Figs. 23A and 23B are graphs showing SHG output 
characteristics, Fig. 23A is a graph in the case 
where output stabilization was not been conducted, 
and Fig. 23B is a graph in the case where output 
stabilization was conducted; *o 
Fig. 24 is a structural diagram showing a ninth 
embodiment of the invention; 
Fig. 25 is a schematic structural diagram showing 
a conventional short wavelength light source of 
internal resonator type; 45 
Fig. 26 is graphs showing spectrum changes by 
slightly deviating the distance from the semiconduc- 
tor laser until the return light generation position, 
showing before deviation in the upper graph, and 
after deviation in the lower graph; so 
Fig. 27 is a schematic structural diagram showing 
still another example of a conventional short wave- 
length light source; and 

Figs. 28A is a schematic structural diagram show- 
ing an example of wavelength variable light source ss 
using a semiconductor laser of external resonator 
type, and Fig. 28B is a partial perspective view 
thereof; 
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Fig. 29 is a structural diagram showing a tenth 
embodiment of the invention; and 
Fig. 30 is a structural diagram showing an eleventh 
embodiment of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Now referring to the drawings, preferred embodi- 
ments of the invention are described below. 

(Embodiment 1) 

Fig.' 13 is a structural diagram showing a first em- 
bodiment of the invention. This short wavelength light 
source is composed of a semiconductor laser for exci- 
tation, a solid state laser of internal resonator type con- 
taining a laser medium and SHG crystal, and others. 

The short wavelength light source comprises a 
semiconductor laser (SLD-322XT supplied by Sony) 30 
for pumping a laser medium 61 , a birefringence filter 40 
for controlling and stabilizing the wavelength by apply- 
ing an optical feedback for feeding back only light of spe- 
cific wavelength to the semiconductor laser 30, lens sys- 
tems 33, 34 (F-L20 supplied by Newport) for focusing 
the pumping light 32, and an optical resonator 60 con- 
taining a laser medium 61 composed of Nd:YAG (yttrium 
aluminium garnet) doped with 1% of Nd and a nonlinear 
optical element 62 composed of KNbO a . The surface 
61b of the laser medium 61 and the surface 62a of the 
nonlinear optical element 62 contact with each other. 

The semiconductor laser 30 for pumping is mounted 
on a Peltier element 31 , and is stabilized at a specified 
temperature by a temperature regulating circuit (not 
shown). The KNb0 3 used as the nonlinear optical ele- 
ment 62 has an a-b cut (6 = 90° , q> = 60° ), and is dis- 
posed at an angle for satisfying the phase matching of 
type I at 946 nm wavelength. 

The birefringence filter 40 is composed as a Lyot 
type filter, comprising a birefringence element 41 formed 
of non-doped Y V0 4 with a thickness of 2 mm, a polarizer 
42 such as polarizing beam splitter, and a birefringence 
element 43 formed of non-doped YV0 4 with a thickness 
of 4 mm. 

On the surfaces of the collimating lens 33, condens- 
er lens 34, and parts 41 to 43 of birefringence filter 40, 
a antireflection (AR) coating at 809 nm oscillation wave- 
length of excitation semiconductor laser 30 is applied. 
Besides, on the surface 43b of the birefringence ele- 
ment 43 facing the optical resonator 60, a partial reflec- 
tion coating is applied so that the reflectivity may be 20% 
at 809 nm wavelength. Therefore, the pumping light 32 
from the semiconductor laser 30 passes through the bi- 
refringence filter 40, and is partly reflecteci on the sur- 
face 43b of the birefringence element 43 to generate a 
return light 35, and it further passes through the birefrin- 
gence filter 40, and only a specific wavelength is fed 
back to the semiconductor laser 30. Accordingly, the 
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output of the pumping light 32 is hardly changed, and a 
laser oscillation close to single mode at a specific wave- 
length is realized. 

The surface 61a of the laser medium 61 is coated 
so that the reflectivity at 946 nm oscillation wavelength 5 
of the laser medium 61 may be 99.9% and that the trans- 
missivity at 809 nm wavelength of the pumping light 32 
may be 95% or more. The output mirror 63 has a reflec- 
tivity of 99.9% or more at 946 nm wavelength, and has 
a transmissivity of 80% at the second harmonic wave of 
473 nm wavelength. Thus is composed the optical res- 
onator 60 for 946 nm wavelength by the surface 61a of 
the laser medium 61 and the output mirror 63. 

Moreover, on the surface 61b of the laser medium 
61 facing the nonlinear optical element 62, and both sur- 
faces 62a, 62b of the nonlinear optica! element 62, an 
antireflection (AR) coating is applied so that the trans- 
missivity at 946 nm wavelength may be 99.9% or more. 

The operation is described below. The direction of 
polarization of pumping light 32 radiated from the sem- 
iconductor laser 30 coincides with the vertical direction 
of the optical axis within the sheet of paper. When the 
pumping light 32 is focused by the lens 34 and enters 
the laser medium 61, an inverted distribution is formed 
in the laser medium 61 , and laser oscillation at 946 nm 
wavelength occurs in the optical resonator 60. When the 
oscillated light at 946 nm wavelength passes through 
the nonlinear optical crystal 62, the wavelength is con- 
verted to generate a 473nm wavelength second har- 
monic wave, which is radiated outside from the output 
mirror 63. 

The semiconductor 30 for excitation oscillates in the 
multiple mode at a wavelength width of about 15 ang- 
stroms without the birefringence filter 40, that is, in so- 
called free-running state, but oscillates nearly in the sin- 
gle mode at a wavelength width of about 1 .5 angstroms 
when optical feedback is conducted by the return light 
35. 

Fig. 14 is graphs showing an oscillation spectrum 
of a semiconductor laser 30, the upper graph of which 
relates to the case where optical feedback is applied, 
and the lower graph of which relates to the case where 
optical feedback is not applied. When optical feedback 
is applied, the oscillation spectrum of the semiconductor 
laser 30 does not jump largely relative to the phase 
change of the return light 35 caused by thermal expan- 
sion or the like, and it only jumps to a very close adjacent 
external resonance mode existing within a wavelength 
width of 1.5 angstroms. Therefore, it is extremely small 
as compared with the absorption line width of 10 ang- 
stroms of YAG of the laser medium 61 , and the absorp- 
tion efficiency hardly changes, so that the solid state la- 
ser oscillates stably. 

Figs. 15Aand 15B are graphs showing output fluc- 
tuations of a short wavelength light source, Fig. 15A is 
a graph in the case where optical feedback is applied to 
a semiconductor laser 30, and Fig. 15B is a graph in the 
case where optical feedback is not applied. In Fig. 15A. 



there is almost no fluctuation in the second harmonic 
wave output at 473 nm wavelength, and it is a practically 
tolerable level, and when the laser medium 61 is excited 
at 400 mW, short wavelength light of an output of 5 mW 
is stably obtained at 473 nm wavelength. In Fig. 15 B, 
on the other hand, the second harmonic wave output is 
largely changed stepwise, and output fluctuations due 
to mode jump of the semiconductor laser 30 are ob- 
served. 

In the first embodiment, the reflection means for op- 
tical feedback is arranged on the end face 43b of the 
birefringence filter. The reflection means also may be 
arranged on the face 61a of the laser medium 61 in lieu 
of the end face 43b. 

(Embodiment 2) 

Fig. 16 is a structural diagram showing a second 
embodiment of the invention. This short wavelength 
light source is the same as in Fig. 13, composed essen- 
tially of a semiconductor laser for excitation and a solid 
state laser of internal resonator type containing a laser 
medium and a SHG crystal. As explained in Fig. 10, it 
is intended to realize a high wavelength resolution, while 
relaxing the incident angle dependence on the birefrin- 
gence filter. In this embodiment, the same elements as 
those shown in the first embodiment are denoted by the 
same reference numerals, and duplicate explanations 
are omitted. 

Instead of the second birefringence element 43 
shown in Fig. 1 3, a A/2 plate 45 is interposed between 
two birefringence elements 44, 46 of half thickness. On 
the optical resonator side surface 46b of the birefrin- 
gence element 46, a partial reflection coating is applied 
so that the reflectivity at 809 nm oscillation wavelength 
of the semiconductor laser 30 may be 20%, and optical 
feedback is applied to the semiconductor laser 30. 

In this constitution, although the number of parts of 
the birefringence filter 40 increases slightly, allowable 
deviation of incident angle is increased with the result 
that an extremely high wavelength resolution is realized. 
Consequently the wavelength stability of pumping light 
32 from the semiconductor laser 30 is enhanced out- 
standingly. 

Incidentally, the reflection means for optical feed- 
back may be arranged on the face 61 a of the laser me- 
dium in lieu of the end face 46b in the second embodi- 
ment. 

(Embodiment 3) 

Fig. 17 is a structural diagram showing a third em- 
bodiment of the invention. This short wavelength light 
source is the same as in Fig. 13, composed essentially 
of a semiconductor laser for excitation and a solid state 
laser of internal resonator type containing a laser medi- 
um and a SHG crystal. As been explained in Fig. 1 1 , the 
polarizer 42 is omitted by inclining the two birefringence 
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elements 41 , 43 at Brewster angle. In this embodiment, 
the same elements as those shown in the first embodi- 
ment are denoted by the same reference numerals, and 
duplicate explanations are omitted. 

In Fig. 17, as birefringence elements 41 , 43, 2 mm 
and 4 mm thick non-doped YV0 4 crystals are used, 
which are disposed at an inclination of about 65° from 
vertical incident direction at Brewster angle. To avoid 
mutual interference effect, the interval between two bi- 
refringence elements 41 , 43 is set to be 1 mm or more. 

The pumping light 32 of 809 nm wavelength emitted 
from the semiconductor laser 30 passes through the bi- 
refringence elements 41 , 43, and is condensed on the 
laser medium 61 by the condenser lens 34. The incident 
side surface 61a of the laser medium 61 has an optical 
characteristic of a reflectivity of 5% at 809 nm wave- 
length, and a part of the pumping light 32 is reflected as 
return light 35, and passes through the birefringence el- 
ements 43, 41 , and is fed back to the active layer of the 
semiconductor laser 30 as TE mode. 

In this constitution, since the polarizer 42 is omitted 
by inclining the birefringence elements 41 , 43 at Brews- 
ter angle, the number of parts can be curtailed while 
maintaining the filter characteristic. 

(Embodiment 4) 

Fig. 18 is a structural diagram showing a fourth em- 
bodiment of the invention. This short wavelength light 
source is designed so as to generate second harmonic 
waves by direct conversion by passing the light 32 of 
single mode semiconductor laser 30 through a nonlinear 
optical crystal 62. As the birefringence element for com- 
posing the birefringence filter 40, the nonlinear optical 
element 62 is commonly used. In this embodiment, the 
same elements as those shown in the first embodiment 
are denoted by the same reference numerals, and du- 
plicate explanations are omitted. 

The light 32 emitted from the semiconductor laser 
30 (SLD-7033 supplied by Sanyo) oscillating in a single 
mode of 860 nm wavelength becomes a parallel beam 
through a colltmating lens 11, and the beam shape is 
further shaped into a circular form by a pair of cylindrical 
lenses 36, 37, and it enters the nonlinear optical crystal 
62 constituting a part ot the birefringence filter 40. 

As the birefringence material 41, a 1mm thick non- 
doped YV0 4 crystal is used. The birefringence material 
41 shows different refractive indices on two axes of po- 
larization orthogonal to the optical axis, and functions 
as the birefringence element of the birefringence filter 
40. 

As the nonlinear optical element 62, an a-axis cut 
KNb0 3 crystal of 5 mm in crystal length is used, and the 
incident side surface 62a has an antireflection (AR) 
coating at 860 nm wavelength, and the exit side surface 
62b has a partial reflection coating so as to have 20 % 
reflectivity at 860 nm wavelength. The nonlinear optical 
element 62 is a wavelength converting element, and 



also function as birefringence element of the birefrin- 
gence filter 40 by entering by slightly inclining the direc- 
tion of polarization of incident light from the b-axis. 

Between the birefringence material 41 and the non- 
s linear optical element 62, polarizer 42 and condenser 
lens 34 are disposed. The light 32 passing through the 
birefringence material 41 and the polarizer 42 is con- 
densed by the condenser lens 34 so that the beam waist 
may be positioned on the exit side surface 62b of the 
to nonlinear optical element 62. 

In this way, the birefringence filter 40 comprising the 
birefringence material 41 , the polarizer 42 and the non- 
linear optical element 62 is constituted. The light 32 
passing through the birefringence filter 40 is partially re- 
15 fleeted by the exit side surface 62b of the nonlinear op- 
tical element 62 to be return light 35, and passes again 
through the birefringence filter 40, and only a specific 
wavelength light is fed back to the semiconductor laser 
30 as TE mode, thereby applying optical feedback. As 
20 a result, the laser oscillation of the semiconductor laser 
30 is stabilized in the single mode, and hence the wave- 
length and the output power of the second harmonic 
waves delivered from the nonlinear optical crystal 62 
may be stabilized. 

25 

(Embodiment 5) 

Fig. 19 is a structural diagram showing a fifth em- 
bodiment of the invention. This short wavelength light 

30 source is the same as in Fig. 13, composed essentially 
of a semiconductor laser for excitation and a solid state 
laser of internal resonator type containing a laser medi- 
um and a SHG crystal. It is an example of application 
into stabilization of a green light source, and the laser 

35 medium 61 is used commonly as the birefringence ele- 
ment for composing the birefringence filter 40. 

The short wavelength light source mainly compris- 
es a semiconductor laser (SLD-322XT supplied by 
Sony) 30 for pumping a laser medium 61, a birefrin- 

40 gence filter 40 for controlling and stabilizing the wave- 
length by applying optical feedback for feeding back 
only light of a specific wavelength to the semiconductor 
laser 30, lens systems 33, 34 (F-L20 supplied by New- 
port) for focusing the pumping light 32, and an optical 

45 resonator 60 formed of a laser medium 61 formed of Nd: 
YVO4 doped with 1 % of Nd and a nonlinear optical ele- 
ment 62 formed of KTP (Potassium Titanyl Phosphate), 
and the exit side surface 61b of the laser medium 61 
and the incident side surface 62a of the nonlinear optical 

50 element 62 contact with each other. 

The semiconductor laser 30 for pumping is mounted 
on a Peltier element 31 , and is stabilized at a specific 
temperature by a temperature regulating circuit (not 
shown). 

55 The birefringence filter 40 has a structure as Lyot 

filter, and is composed of a 1 mm thick birefringence el- 
ement 41 made of non-doped YV0 4 , a polarizer 42 in- 
clined by an angle <t> to vertical direction above the opti- 
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cal axis, and a 0.5 mm thick laser medium 61 made of 
Nd:YV0 4 . 

Near the center of the surface 61 a of the laser me- 
dium 61 , a tiny convex spherical surface 61c is formed 
at the incident side by fine processing technology utiliz- 
ing photolithography, and its aperture radius is 80 u.m 
and the radius of curvature is 1 2 mm. The laser medium 
61 functions as a birefringence element of the birefrin- 
gence filter 40 by slightly inclining the direction of polar- 
ization of incident light from the c-axis. 

On the surfaces of the collimating lens 33, a con- 
denser lens 34, and parts 41 and 42 of a birefringence 
filter 40, a antireflection (AR) coating at 809 nm oscilla- 
tion wavelength of the semiconductor laser 30 is ap- 
plied. Besides, a partial reflection coating is applied to 
the surface 61b of the laser medium 61 facing the non- 
linear optical element 62 so that the transmissivity T of 
1064 nm wavelength light is 99.9% or more and to the 
surface 61 b so that the reflectivity of 809 nm wavelength 
light is 20%. Therefore, the pumping light 32 with the 
wavelength of 809 nm from the semiconductor laser 30 
passes through the birefringence filter 40, and is partly 
reflected on the surface 61b of the laser medium 61 to 
generate return light 35, and it further passes through 
the birefringence filter 40, and only specific wavelength 
light is fed back to the semiconductor laser 30. Accord- 
ingly, the output of the pumping light 32 is hardly 
changed because of optical feedback, and a laser os- 
cillation close to single mode at a specific wavelength is 
realized 

The surface 61a of the laser medium 61 is coated 
so that the reflectivity at 1 064 nm oscillation wavelength 
of the laser medium 61 may be 99.9% and that the trans- 
missivity at 809 nm wavelength of the pumping light 32 
may be 98%. 

Additionally, for secure wavelength control by a 
smaller feedback amount, the semiconductor laser with 
an anti-reflection coating so that the front surface reflec- 
tivity of the excitation semiconductor laser 30 for exci- 
tation may be about R = 0.1% is used. 

On the other hand, the KTP crystal used in the non- 
linear optical element 62 is a crystal cut out at angle of 
9 = 90° to the z-axis and direction of $ = 23.8° to the x- 
axis, having a crystal thickness of 3 mm. At this cutting 
angle, phase matching of type 2 is possible for the wave- 
length 1064 nm. 

The incident side surface 62a of the nonlinear opti- 
cal element 62 has an antireflection coating having a 
transmissivity of 99.9% at 1064 nm wavelength and 809 
nm wavelength, and the exit side surface 62b has an 
optical coating having a reflectivity of 99.98% at 1064 
nm wavelength, and a transmissivity of 95% at 532 nm 
wavelength of second harmonic wave. Thus, the tiny 
spherical surface 61c formed on the surface 61 a of the 
laser medium 61 functions as a concave mirror, and the 
exit side surface 62b of the nonlinear optical element 62 
functions as a plane mirror, thereby composing the op- 
tical resonator 60 at 1064 nm wavelength. 



The operation is described below. The direction of 
polarization of pumping light 32 radiated from the sem- 
iconductor laser 30 coincides with the y-axis. When the 
pumping light 32 passing through the birefringence filter 
£ 40 is focused by the lens 34 and passes through the tiny 
spherical surface 61c to enter the laser medium 61, an 
inverted population is formed in the laser medium 61, 
and laser oscillation at 1064 nm wavelength occurs in 
the optical resonator 60. When the oscillated light at 
10 1064 nm wavelength passes through the nonlinear op- 
tical crystal 62, the wavelength is converted to generate 
second harmonic wave of wavelength 532 nm outside. 

In such constitution, since the laser oscillation of the 
semiconductor laser 30 for excitation is stabilized by op- 
ts tical feedback of the pumping light 32, green light of 50 
mW output can be obtained stably. Additionally, by using 
the laser medium 61 as part of the birefringence filter 40 
in common, the number of parts can be curtailed. 



20 (Embodiment 6) 

Fig. 20 is a structural diagram showing a sixth em- 
bodiment of the invention. The short wavelength light 
source mainly comprises two semiconductor lasers for 
25 excitation and mixing and a solid state laser of internal 
resonator type containing a laser medium and a nonlin- 
ear optical crystal. It is an example of application into 
stabilization of a blue light source by sum-frequency 
generation. 

30 The short wavelength light source comprises a 
semiconductor laser for excitation (SLD-322XT sup- 
plied by Sony) 30 for radiating pumping light 32 of 809 
nm wavelength for exciting laser medium 61 , a semicon- 
ductor laser for mixing (TOLD91 50 supplied by Toshiba) 
35 70 for radiating mixing light 72 of 694 nm wavelength, a 
birelringence filter 40, 48 for stabilizing the wavelengths 
of semiconductor lasers 30 and 70, lens systems 33, 34, 
73 to 76 for focusing the pumping light 32 or mixing light 
72 and an optical resonator 60 composed of the laser 
40 medium 61 formed of Nd:YV0 4 doped with 1% of Nd 
and the nonlinear optical element 62 formed of KNb0 3 , 
and the exit side surface 61b of the laser medium 61 
and the incident side surface 62a of the nonlinear optical 
element 62 contact with each other. 
45 The semiconductor laser 30for pumping is mounted 
on a Peltier element 31 , and is stabilized at a specific 
temperature by a temperature regulating circuit (not 
shown). 

Near the center of the surface 61a of the laser me- 
50 dium 61 , a convex tiny spherical surface 61 c is formed 
at the incident side by fine processing technology utiliz- 
ing photolithography, and its aperture radius is 80 u,m 
and the radius of curvature is 1 2 mm. 

The surface 61a of the laser mediunrv 61 is coated 
55 to have a reflectivity of 99.9% at 1064 nm oscillation 
wavelength of laser medium 61 , and a transmissivity of 
95% or more at 809 nm wavelength of pumping light 32 
and 694 nm wavelength of mixing light 72. The surface 
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61b of the laser medium 61 facing the nonlinear optical 
element 62 is coated to have a transmissivity T of 99.9% 
or more at 1064 nm wavelength, and a transmissivity of 
95% or more at 694 nm wavelength. 

On the other hand, the KNbO a crystal used for the 
nonlinear optical element 62 is a so-called a-ax is crystal 
being cut out at an angle of 9 = 90° to the z-axis and in 
the direction of $ = 0° to the x-axis, and the crystal thick- 
ness is 5 mm. This nonlinear optical element 62 is 
mounted on a Peltier element 31 , and the phase match- 
ing is achieved by temperature tuning. 

The incident side surface 62a of the nonlinear opti- 
cal element 62 is coated to have a transmissivity of 
99.9% at 1064 nm wavelength. Its exit side surface 62b 
has an optical coating to have a reflectivity of 99.98% at 
1 064 nm wavelength, and a transmissivity of 95% at 420 
nm wavelength of sum-frequency light. Thus, the tiny 
spherical surface 61c formed on the surface 61a of the 
laser medium 61 functions as a concave mirror, and the 
exit side surface 62b of the nonlinear optical element 62 
functions as a plane mirror, thereby composing an opti- 
cal resonator 60 for 1064 nm wavelength. 

On the other hand, mixing light 72 of 694 nm wave- 
length radiated from the semiconductor laser 70 
(TOLD9150 supplied by Toshiba) is formed into a par- 
allel beam by a collimating lens 73, and is shaped into 
a beam of a circular section by means of a pair of cylin- 
drical lens 74, 75, and it passes through a lens 76 for 
adjustment of focal position, and is reflected by a polar- 
izing beam splitter 47, thereby becoming coaxial with 
the optical axis of the pumping light 32. 

The mixing light 72 of wavelength 694 nm which is 
a second fundamental wave is condensed by a con- 
denser lens 34 so as to form a beam waist on the exit 
side surface 61 b of the laser medium 61 , and enters the 
nonlinear optical element 62. Both the directions of po- 
larization of pumping light of wavelength 1064 nm which 
is a first fundamental wave and mixing light 72 of 694 
nm wavelength which is a second fundamental wave in- 
troduced into the optical resonator 60 are set so as to 
be in y-axis direction of the nonlinear optical element 62 
which is a KNb0 3 crystal. When the first and second 
fundamental waves are mixed in the nonlinear optical 
element 62, the output light converted to, 420 nm wave- 
length of sum-frequency light is emitted from the surface 
62b of the nonlinear optical element 62. 

The birefringence filters 40, 48 are described below. 
The birefringence filter 40 for stabilizing the wavelength 
of the semiconductor laser 30 for excitation is composed 
of a 2 mm thick birefringence element 41 formed of non- 
doped YV0 4 crystal, a polarizing beam splitter 47, and 
a 4 mm thick birefringence element 43 formed of non- 
doped YV0 4 crystal. The birefringence filter 48 for sta- 
bilizing the wavelength of the semiconductor laser 70 
for mixing is composed of a 0.5 mm thick birefringence 
element' 44 in thickness formed of non-doped YV0 4 
crystal, a polarizing beam splitter 47, and the birefrin- 
gence element 43. Therefore, the polarizing beam split- 



ter 47 and birefringence element 43 are shared between 
by both birefringence filters 40, 48. 

The exist side surface 43b of the birefringence ele- 
ment 43 has a partial reflection coating so as to have a 
5 reflectivity of 20% at 694 nm wavelength and 809 nm 
wavelength. Therefore, the pumping light 32 from the 
semiconductor laser 30 passes through the birefrin- 
gence filter 40, and is partly reflected by the exit side 
surface 43b of the birefringence element 43, and passes 
10 again through the birefringence filter 40, thereby apply- 
ing an optical feedback to the semiconductor laser 30, 
so that the wavelength of the semiconductor laser 30 
may be stabilized. On the other hand, the mixing light 
72 from the semiconductor laser 70 passes through the 
is birefringence filter 48, and is partly reflected by the exit 
side surface 43b of the birefringence element 43, and 
passes again through the birefringence filter 48, thereby 
applying an optical feedback to the semiconductor laser 
70, so that the wavelength of the semiconductor laser 
70 may be stabilized. 

The reflection means for optical feedback to mixing 
light may also be arranged on the face 61a of the laser 
medium or the face 62b of the nonlinear optical element 
62 in lieu of the end face 43b of the birefringence filter. 

For example, when the output of the semiconductor 
laser 30 for excitation is 400 mW and the output of the 
semiconductor laser 70 for mixing is 30 mW, blue light 
of 420 nm wavelength may be stably obtained at 10 mW 
output as sum frequency light. 

(Embodiment 7) 

Fig. 21 is a structural diagram showing a seventh 
embodiment of the invention, and it is intended to con- 
vert the wavelength of single mode semiconductor laser 
light directly by a nonlinear optical crystal with high effi- 
ciency, and stabilize the oscillation wavelength of the 
semiconductor laser. 

The principle of operation is described below. The 
fundamental wave light 32 emitted from a single mode 
semiconductor laser 70 is formed into a parallel beam 
by a collimating lens 33, and passes through a birefrin- 
gence filter 40, and enters a nonlinear optical crystal 62 
through a condenser lens 34. The fundamental wave 
light 32 passing through the nonlinear optical crystal 62 
is reflected by a reflection mirror 80, and put again into 
the nonlinear optical crystal 62, and passes again 
through the birefringence filter 40, so that only a specific 
wavelength is optically fed back- to the semiconductor 
laser 70. As a result, the semiconductor laser 70 can 
oscillate at a stable specific wavelength. Herein, the re- 
flection mirror 80 is a mirror of total reflection to funda- 
mental wave and harmonic wave. 

At this time, the second harmonic wave is emitted 
to both right and left directions of the nonlinear optical 
crystal 62, but the second harmonic wave emitted to the 
right is reflected by the reflection mirror 80, and is su- 
perposed with the second harmonic wave emitted to the 
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left, thereby forming an output of four times in power, 
which is emitted downward from the. polarizing beam 
splitter 42. Usually, the second harmonic wave is gen- 
erated in a specific phase relation to the phase of the 
fundamental wave, and assuming there is no change in 
the relative phase relation between the fundamental 
wave and second harmonic wave on the reflection mir- 
ror 80, the added second harmonic waves cancel each 
other. Therefore, it is desired to use a reflection mirror 
fabricated and adjusted in reflection phase difference so 
that they may not cancel each other. 

Using a single mode diode (SDL-5430-C supplied 
by SDL) with 860 nm wavelength and 200 mW output 
as the semiconductor laser 70, 2 mm and 5 mm thick 
non-doped YV0 4 .as birefringence plates 41, 43, and 
KNb0 3 crystals of a-axis cut with 10 mm crystal length 
as nonlinear optical crystals 62 : blue light of 430 nm 
wavelength of ImW output at 200 mW input could be 
stably obtained. 

(Embodiment 8) 

However, in the case where optical feedback is con- 
ducted by a birefringence filter, three oscillation spectra 
lines may occur when the output of the semiconductor 
laser exceeds 150 mW (Fig. 22A). For that reason, the 
thicknesses and number of birefringence plates were 
changed, namely three birefringence plates, whose 
thicknesses are 0.5 mm, 2.0 mm and 5 mm, respective- 
ly, were used and as a result single mode oscillation oc- 
curred even at 200 mW (Fig. 22B) and 1 mW qutput was 
stably obtained with high reproducibility. 

Figs. 23B and 23A show SHG output characteristics 
in the case where output stabilization was conducted 
and in the case where output stabilization was not con- 
ducted. As seen from Fig. 23A, the SHG output remark- 
ably changes every time jumping of the oscillation wave- 
length of the semiconductor laser occurs due to room 
temperature changes etc. On the other hand, as seen 
from Fig. 23B in the case where wavelength stabilization 
was conducted in relation to birefringence filters, there- 
fore the output power changes were restrained to 2 % 
or less over two hours or more, from which it is found 
that the measure is very effective for wavelength stabi- 
lization. 

(Embodiment 9) 

Fig. 24 is a structural diagram showing a ninth em- 
bodiment of the invention. This short wavelength light 
source is similar to seventh embodiment and intended 
to heighten the output by reflecting the fundamental 
wave light from the single mode semiconductor laser to 
the nonlinear optical crystal back and forth, and super- 
posing the emitted short wavelength light. The end faces 
62a, 62b of the nonlinear optical crystal 62 are spheri- 
cally processed to be monolithic, and instead of emitting 
to the semiconductor laser 70 side as the exit direction, 



by folding back the second harmonic wave light forward, 
the second harmonic wave is emitted forward. 

Using KNbO a crystal of a-axis cut with 1 0 mm crys- 
tal length as a nonlinear optical crystal 62, a spherical 

s surface with radius of curvature of r = 1 5 mm is formed 
by spherical processing on both end faces. The end face 
62a on the incident side has an optical coating so as to 
have a reflectivity of 99.9% at 430 nm wavelength, and 
a transmissivity of 95% at 860 nm wavelength. At the 

10 end face 62b on the exit side, an optical coating is ap- 
plied so as to have a reflectivity of 99.9% at 860 nm 
wavelength, and a transmissivity of 95% at 430 nm 
wavelength. 

The principle of operation is described below. The 
?5 fundamental wave light 32 emitted from the single mode 
semiconductor laser 70 is formed into a parallel beam 
by a collimating lens 33, and passes through the bire- 
fringence filter 40, and enters the nonlinear optical crys- 
tal 62 through a condenser lens 34, thereby generating 
20 a second harmonic wave directed rightwards. The fun- 
damental wave light 32 reflected by the end face 62b of 
the nonlinear optical crystal 62 on the exit side passes 
again through the nonlinear optical crystal 62, and gen- 
erates a second harmonic wave leftwards. The leftward 
2S fundamental wave 32 passes through the birefringence 
filter 40 again, and only a specific wavelength is optically 
fed back to the semiconductor laser 70. As a result, the 
semiconductor laser 70 can oscillate stably at a specific 
wavelength. 

30 At this time, the second harmonic wave is emitted 
to the right and left directions of the nonlinear optical 
crystal 62, and the second harmonic wave generated 
leftwards is reflected by the end face 62a of the nonlin- 
ear optical crystal 62 on the incident side, and super- 
35 posed the second harmonic wave emitted rightwards, 
and the output of four times in power is emitted right- 
wards from the end face 62b on the exit side. 

Using a single mode diode (SDL-5430-C supplied 
by SDL) with 860 nm wavelength and 200 mw output as 
40 the semiconductor laser 70, 2 mm and 5 mm thick non- 
doped YV0 4 plates as the birefringence plates 41, 43, 
and a KNbO a crystal of a-axis cut with 10 mm crystal 
length as a nonlinear optical crystal 62, a 430 nm wave- 
length blue light with 1 mW output at 200 mW input could 
is be stably obtained. 

(Embodiment 10) 

A tenth embodiment of the invention is shown in Fig. 

50 29. The short wavelength light source, which is a sim- 
plification of the first embodiment, comprises a semicon- 
ductor laser for excitation and a solid state laser of an 
internal resonator type including a laser medium and 
SHG crystal. Duplicate explanations are omitted. The 

55 embodiment is an example indicating that a birefrin- 
gence element and a polarizer as a component may be 
omitted in the case where a laser diode (LD) of such a 
type that a quantum well is formed in active layer is used 
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as a semiconductor laser for exciting a solid state laser. 
Since there is little gain of polarization component (TM 
mode) in the direction vertical to the active layer in the 
quantum well semiconductor laser, oscillation at TM 
mode does not occur and therefore such a LD is equiv- 
alent to one having a polarizer of the TM mode direction 
on the output surface. Accordingly, even if no polarizer 
is provided, it is sufficient to use only one birefringence 
plate as a birefringence element. This embodiment is 
an example of using only a 0.25 mm thick non-doped 
YV0 4 as a birefringence element 41 . 

The operation principle is described below. Pump- 
ing light 32 radiated from the semiconductor laser 30 
passes through the birefringence element 41 and oscil- 
lates the YAG crystal 61 . The pumping light partially re- 
flects on the end face 61a of the YAG crystal, passes 
again through the birefringence element 41 , and returns 
to the semiconductor laser 30. The semiconductor laser 
30 is considered as a LD having a polarizer and strong 
feedback to only a predetermined wavelength can be 
applied (wavelength filtering). Accordingly it is possible 
to oscillate the semiconductor laser 30 at only a prede- 
termined wavelength, thereby realizing reduction in 
parts count and size as well as output stabilization. 

(Embodiment 11 ) 

Fig. 30 shows an example of generating 418 nm 
blue light by mixing light of 1064 nm light and 690 nm 
light by a LD excitation sum-frequency generating laser 
of the invention. 

This is an example of a light source of the invention 
wherein size reduction of element and improvement of 
stabilization are realized by butt -coupling the solid state 
laser medium 20 and the LD 10 for excitation, while 
wavelength stabilization of the single mode LD for mix- 
ing is realized by a birefringence filter. 

The LD excitation sum frequency laser comprises 
the semiconductor laser 10 for excitation which pumps 
the laser activating medium 20 and the optical resonator 
25 including the laser medium 20 formed of Nd : YV0 4 , 
wherein Nd is 1 % doped as a solid state laser medium, 
the 90 degrees reflection mirror 24 the nonlinear optical 
element 21 formed of a-axis Knb0 3 and the output mir- 
ror 22. 

The semiconductor laser 10 for excitation is butt- 
coupled with the solid state laser medium 20. The LD 
for excitation having a 50 u.m stripe width with 500 mW 
output was used. 

The surface 20a of the laser medium 20 is coated 
so that the reflectivity at 1064 nm oscillation wavelength 
of the laser medium 20 may be 99.9% and that the trans- 
missivity at 809 nm wavelength of the pumping light may 
be 95% or more. 

The surface of the 90 degrees reflection mirror 24 
is, coated so that the reflectivity at 1 064 wavelength may 
be 99.9% at 45 degrees incidence and the transmissivity 
at 690 nm wavelength may be 95%. The surface 20b of 



the laser medium 20 on the nonlinear optical element 
side is coated so that the transmissivity at 1064 nm os- 
cillation wavelength may be 99.9% or more. The surface 
of the output mirror 22 is coated so that the reflectivities 
5 at 1064 wavelength and 690 nm wavelength may be 
99.9% and 70%, respectively, and that the transmissiv- 
ity at 418 nm wavelength may be 95%. 

Inverse population of is formed in the laser medium 
20 by pumping light radiated from the semiconductor la- 
10 ser 1 0, and 1 064 nm wavelength laser oscillation occurs 
in the case of Nd : YV0 4 . The oscillation light resonates 
in the resonator 25 composed of the face 20a and the 
output mirror 22. 

On the other hand, a 690 nm wavelength semicon- 
15 ductor laser light 30 with 30 mw output (TOLD-91 50 sup- 
plied by Toshiba) was used as a light source for mixing. 
The laser light passes through the condensing lens 32 
and a wavelength selecting element 44 composed of the 
birefringence plates 41 , 43 and the polarizer 42, is con- 
20 densed so as to form a beam waist on the face 21 a, and 
enters the nonlinear optical element 21 . As the birefrin- 
gence plates 41, 43 are used 0.5 mm and 4 mm thick 
plates made of n on -doped YV0 4 . 

The mixing light having passed through the nonlin- 
25 ear crystal 21 is partially reflected by the output mirror 
22, passes again through the same path, passes again 
through the wavelength selecting element 44, and is fed 
back to the semiconductor laser 30. Wavelength stabi- 
lization of the mixing LD is conducted by the wavelength 
30 selecting element 44. 

The embodiment is arranged so that both the polar- 
ization directions of 1 064 nm wavelength laser light and 
a 690 nm wavelength fundamental wave externally in- 
troduced into the resonator are along the b-axis direc- 
ts tion of the KNbO a , and the output light which is mixing 
and sum frequency light and whose wavelength is con- 
verted to 41 8 nm is obtained in the polarization direction 
of c-axis. 

The temperature of each optical element is control- 
^o led by Peltier element 5. The 418 nm wavelength sum 
frequency light 50 generated outgoes from the output 
mirror 22. 

The oscillation wavelength of the LD for excitation 
was stabilized by butt -coupling the solid state laser me- 

45 dium with the LD 1 0 for excitation with the result that the 
fundamental wave intensity in the resonator was stabi- 
lized. Further each element could be reduced in size to 
be arranged on the same Peltier element 5 and as a 
result the temperature of each element could be con- 

50 trolled to be constant. Consequently it was possible to 
obtain 10 mW sum frequency outputs stably. 

In the foregoing embodiments, as the semiconduc- 
tor laser 30 for excitation of a solid state laser, examples 
are shown by fixing at 809 nm central wavelength of the 

55 absorption spectrum of Nd:YAG or Nd:YV0 4 , but the 
tuning wavelength may be set freely by turning with an- 
gle, temperature or electric field of the two birefringent 
elements which are wavelength selecting elements. 
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Therefore, as other laser media, for example, LiSrR 
LiCaF, YLF (LiYF 4 ), NAB (NdAI 0 (BO 3 ) 4 ), KNP, NYAB 
(Nd x Y 1 . x Al3(B0 3 )4) i NPP (NdP 5 0 14 ), and GGG 
(Gd 3 Ga 5 0 12 ) may be also used. 

Relating to the single mode semiconductor laser in 
the fourth embodiment, an example of using wavelength 
860 nm capable of converting the wavelength with a- 
axis KNb0 3 of nonlinear optical crystal is explained: but 
it is also possible to use at a wavelength capable of con- 
verting wavelength by other inorganic nonlinear optical 
crystal material, such as KAP (KAsP0 4 ), BBO (p- 
BaB 2 0 4 ), LBO (LiB 3 O s ), LiNb0 3> and LiTa0 3 . Or, as the 
wavelength converting element for single mode semi- 
conductor laser, an example of entering the nonlinear 
optical crystal by one path is shown, but it is also appli- 
cable to a method of converting to a short wavelength 
by leading into a wavelength converting waveguide 
such as polarization inverting waveguide. 

In the foregoing embodiments, it is also applicable 
to stabilization of fundamental wave laser not containing 
nonlinear optical material in the optical resonator. 

The semiconductor laser used in the embodiments 
is an ordinary Fabry-Perot structure semiconductor la- 
ser with 95% rear reflectivity and about 4% front reflec- 
tivity, but for controlling the wavelength securely with a 
smaller quantity of return light, it is preferred to use an 
AR coated semiconductor laser with the front reflectivity 
lowered to about 0.1%. 

In the foregoing embodiments, the invention may 
be also applied to the semiconductor laser for excitation 
light source of fiber type laser by up-conversion, using 
a fluoride fiber doped with rare earth elements such as 
Ho, Er, Tm : Sm and Nd. 

A reflection coating as reflection means may be ap- 
plied to a face of the element or a reflection mirror may 
be provided separately. 

The invention may be embodied in other specific 
forms without departing from the essential characteris- 
tics thereof. The present embodiments are therefore to 
be considered in all respects as illustrative and not re- 
strictive, the scope of the invention being indicated by 
the appended claims 



Claims 

1. A wavelength stabilized light source comprising: 

a semiconductor laser (30; 70) for oscillating 
laser light; 

a wavelength selecting element (40) having a 
band pass characteristic that the transmissivity 
of specified wavelength light is increased; 
reflection means (43b; 61a; 62b; 80) for apply- 
ing optical feedback to the semiconductor laser 
(30; 70) through the wavelength selecting ele- 
ment (40); and 

a wavelength converting element (62) for con- 



verting the wavelength of the laser light 
sequentially passing through the wavelength 
selecting element (40) and the reflection means 
(43b; 61a; 62b: 80) from the semiconductor 
s laser (30; 70); 

wherein the oscillation wavelength of the sem- 
iconductor laser (30; 70) is stabilized within a 
wavelength allowance of the wavelength con- 
verting element (62). 

10 

2. A wavelength stabilized light source comprising: 

a semiconductor laser (30) for oscillating exci- 
tation light; 

15 a wavelength selecting element (40) having a 

band pass characteristic that the transmissivity 
of specified wavelength light is increased; 
reflection means (43b; 61a; 62b) for applying 
optical feedback to the semiconductor laser 
20 (30) through the wavelength selecting element 

(40); and 

an optical resonator (60) containing a laser 
medium (61) to be excited by excitation light 
and a nonlinear optical element (62) for wave- 
rs length conversion, 

wherein the oscillation wavelength of the sem- 
iconductor laser (30) is stabilized within the 
absorption spectrum of the laser medium (61). 

30 3. A wavelength stabilized light source according to 
claim 2, further comprising: 

a second semiconductor laser (72) for oscillat- 
ing mixing light; and wherein said reflection 
35 means (43b) applies optical feedback also to 

the second semiconductor lasers (30; 72) 
through the wavelength selecting element (40). 

4. A wavelength stabilized light source comprising: 

40 

a semiconductor laser (30) for oscillating exci- 
tation light; 

a laser medium (61) for emitting fundamental 
wave laser light when excited by light of a pre- 
45 determined wavelength within the range of 

wavelength of the excitation light; 
an optical resonator (60) including the laser 
medium; 

a wavelength selecting element (40) composed 
50 of polarization means (42) and a birefringence 

element (41 ; 43; 44; 46), the wavelength select- 
ing element giving priority of transmission tothe 
light of the predetermined wavelength of the 
excitation light; and :> 
55 reflection means (43b; 61a; 62b) for applying 

optical feedback to the semiconductor laser 
(30) through the wavelength selecting element 
(40). 
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5. A wavelength stabilized light source comprising: 

a semiconductor laser (30; 70) for oscillating 
laser light; 

a nonlinear optical element (62) for wavelength 
conversion of a laser light of a predetermined 
wavelength within the wavelength range of the 
laser light and emitting short wavelength laser 
light; 

a wavelength selecting element (40) composed 
of polarization means (42) and a birefringence 
element (41 ; 43; 44; 46), the wavelength select- 
ing element giving priority of transmission of the 
light of the predetermined wavelength of the 
laser light; and 

reflection means (43b; 61a; 62b; 80) for apply- 
ing optical feedback to the semiconductor laser 
(30; 70) through the wavelength selecting ele- 
ment (40). 

6. A wavelength stabilized light source according to 
claim 4, further comprising: 

a nonlinear optical element (62) included in said 
optical resonator (60) for converting the wave- 
length of the fundamental wave laser light and 
emitting short wavelength laser light. 

7. A wavelength stabilized light source according to 
claim 4, further comprising: 

a second semiconductor laser (72) for oscillat- 
ing mixing light; and 

a nonlinear optical element included in the opti- 
cal resonator (60) for emitting laser light of a 
certain wavelength by mixing the fundamental 
wave laser light and the mixing light. 

8. A wavelength stabilized light source comprising: 

a first semiconductor laser (30; 1 0) for oscillat- 
ing excitation light; 

a second semiconductor laser (70; 30) for oscil- 
lating mixing light; 

a laser medium (61 ; 20) for emitting fundamen- 
tal wave laser light when excited by light of a 
predetermined wavelength within the range of 
wavelength of the excitation light; 
a nonlinear optical element (62; 21 ) for emitting 
laser light of a certain wavelength by mixing the 
fundamental wave laser light and the mixing 
light; 

an optical resonator (60; 25) including the laser 
medium (61; 20) and the nonlinear optical ele- 
ment (62; 21); 

a wavelength selecting element (48; 44) com- 
posed of polarization means (47; 42) and a bire- 
fringence element (44; 43), the wavelength 



selecting element giving priority of transmission 
to the light of the predetermined wavelength of 
the mixing light; and 

reflection means (43b; 22) for applying optical 
5 feedback to the second semiconductor laser 

(70; 30) through the wavelength selecting ele- 
ment (48; 44). 

9. A wavelength stabilized light source comprising: 

10 

a first semiconductor laser (30) for oscillating 
excitation light; 

a second semiconductor laser (70) for oscillat- 
ing mixing light; 
15 a laser medium (61) for emitting fundamental 

wave laser light by being excited by light of a 
first predetermined wavelength within the 
range of wavelength of the excitation light; 
a nonlinear optical element (62) for emitting 
20 laser light of a certain wavelength by mixing 

light of a second predetermined wavelength 
within the range of wavelength of the mixing 
light and the fundamental wave laser light; 
an optical resonator (60) including the laser 
25 medium (61 ) and the non-linear optical element 

(62); 

a first wavelength selecting element (40) com- 
posed of polarization means (47) and a birefrin- 
gence element (41; 43), the first wavelength 
30 selecting element giving priority of transmission 

to the light of the first predetermined wave- 
length of the excitation light; 
first reflection means (43b) for applying optical 
feedback to the first semiconductor laser (30) 
35 through the first wavelength selecting element 

(40); 

a second wavelength selecting element (48) 
composed of polarization means (47) and a 
birefringence element (44; 43), the second 
4 0 wavelength selecting element giving priority of 

transmission to the light of the second prede- 
termined wavelength of the excitation light; and 
second reflection means (43b) for applying 
optical feedback to the second semiconductor 
45 laser (70) through the second wavelength 

selecting element (48). 

10. The wavelength stabilized light source of any one 
of claims 4 to 10, wherein the polarization means 

so (42; 47) is included in the semiconductor laser (30; 

70) to which the optical feedback is applied. 

11. The wavelength stabilized light source of claim 10, 
wherein the semiconductor laser (30;'70) to which 

55 the optical feedback is applied has a quantum well 
structure. 

12. The wavelength stabilized light source of any one 
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of claims 1 to 9, wherein the wavelength selecting coupled with an end face of laser medium (20) into 

element (40; 48) is a birefringence filter of Lyot con- which the excitation light incidents, 

taininga birefringence element (41; 43; 44; 46) and 
a polarizer (42; 47). 

5 

13. The wavelength stabilized light source of any one 
of claims 4 to 9, wherein the wavelength selecting 
element (40; 48) is a birefringence filter whose bire- 
fringence element (41 ; 43; 44; 46) is inclined to the 
optical axis by a Brewster angle. 10 

14. The wavelength stabilized light source of any one 
of claims 4 to 9, wherein the birefringence element 
(41 ; 43; 44; 46) used in the wavelength selecting 
element (40; 48) is a liquid crystal. is 



15. The wavelength stabilized light source of any one 
of claims 4 to 9, wherein the birefringence element 
(41 ; 43; 44; 46) used in the wavelength selecting 
element is a crystal composed of non-doped YV0 4 20 
or KNb0 3 . 



16. The wavelength stabilized light source of any one 
of claims 4, 6, 7 or 9, wherein the laser medium (61 ) 
has a birefringent property, and is used as birefrin- 25 
gence element (41 ; 43) of the wavelength selecting 
element (40; 48). 



17. The wavelength stabilized light source of any one 
of claims 5 to 9, wherein the nonlinear optical ele- 30 
ment (62) has a birefringent property and is used 
as a birefringence element (41; 43: 44; 46) of the 
wavelength selecting element (40; 48). 



18. A wavelength stabilized light source comprising: 35 

a semiconductor laser (30) for oscillating fun- 
damental light; 

a wavelength selecting element (44) having a 
band pass characteristic that the tra/ismissivity 40 
of specified wavelength light is increased; 
a nonlinear optical element (21 ) for generating 
harmonic waves by converting the wavelength 
of a fundamental wave having passed through 
the wavelength selecting element (44); and *s 
fundamental wave reflection means (22) for 
reflecting the fundamental wave passed 
through the nonlinear optical elemenl (21 ) and 
applying optical feedback to the semiconductor 
laser (30) through the wavelength selecting ele- so 
ment (44); and 

harmonic wave reflection means (24) for super- 
posing the harmonic waves generated by the 
nonlinear optical element (21) in one direction. 

55 

19. The wavelength stabilized light source of claim 8, 
wherein an end face of the first semiconductor laser 
(10) from which the excitation light outgoes is butt- 
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(57) A short wavelength light source mainly com- 
prises a semiconductor laser (30) for pumping a laser 
medium (61 ), a birefringence filter (40) for controlling or 
stabilizing the waveform by applying an optical feedback 
to the semiconductor laser (30) to feed back only light 
of specific wavelength, lens systems (33, 34) for focus- 
ing the pumping light (32), and an optical resonator (60) 
composed of a laser medium (61) formed of Nd:YAG 
doped with 1% of Nd and a nonlinear optical element 



(62) formed of KNbO s . The birefringence filter (40) is 
structured as a Lyot filter, and is composed of a birefrin- 
gence element (41) made of 2mm thick non-doped 
YV0 4 , a polarizer (42), and a birefringence element (43) 
made of 4 mm thick non -doped YV0 4 . 

This constitution realizes a short wavelength light 
source achieving a single longitudinal mode oscillation 
while maintaining a high output small in size, superior 
in efficiency, and excellent in wavelength stability. 
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